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The X-rays of the narrow-spectrum N-series ranging from 40 kV to 150 kV were used to de-
termine the radiation attenuation ability of a new category of a polymer composite fabricated
for shielding purposes. High density polyethylene was synthesized through a compression
molding technique, and incorporated with various filler amounts (10, 15, 25, and 35 wt.%)
of bulk micro-sized WO; (Sample A), two WO; nanoparticles 45 nm (Sample B), and 24 nm
(Sample C). The WO; filler was identified and characterized using X-ray diffraction and a
transmission electron microscope. The mass distribution of the chemical elements of the syn-
thesized composites was determined by energy dispersive X-ray analysis. The obtained results
of the different attenuation parameters revealed that the particle size and weight fraction of
WOj; particles have an outstanding effect on the X-ray shielding ability of this composite. The
experimental measurements of the mass attenuation coefficients were compared to the theo-
retical values tabulated in the NIST databases XCOM and FFAST. The mass attenuation coef-
ficient was increased with the increment of WO; wt.% as well as with the decrease of the WO
particle size. This improvement in the attenuation parameters of the NP(C) composite sug-

gests their promising applications in radiation protection at the diagnostic level.
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INTRODUCTION

The X-ray exposures resulting from radiological
procedures constitute the largest part of the population
exposure from artificial radiation. There is a great de-
mand to control these doses and therefore to optimize
the design and use of X-ray imaging systems [1]. In di-
agnostic radiology, the most complete specification of
X-ray beams is determined by their spectral distribu-
tion. The X-ray spectrum usually consists of several
narrow characteristic peaks on a continuous spectrum.
The transition of electrons from outer to inner atomic
orbits produces characteristic peaks, while the contin-
uous X-ray spectrum is comprised of bremsstrahlung
radiation covering a wide energy distribution [2]. A
description of radiation qualities of X-ray beams is
usually specified in terms of the X-ray tube voltage, to-
tal filtration, and first half value layer [1].

Radiation protection of the patients, as well as oc-
cupational safety of the staff, are of great interest during
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radiation exposure when conducting different proce-
dures. The attempts to minimize the dose in high risk
regions while preserving good image qualities is a great
challenge for most researchers. In this context, design-
ing proper, cost-effective, lightweight, and efficient
materials to maintain proper radiation shielding is de-
veloped through the use of polymer composite materi-
als [3, 4]. It has been confirmed in the literature before
the radiation attenuation efficiency of polymer compos-
ite materials against different types of radiation using
various types of polymers and fillers [5-9].

The use of polymer composite materials as radi-
ation shielding against X-rays is still promising and
developing. The high density polyethylene (HDPE)
was chosen as a polymer base matrix due to its unique
properties such as lightness, availability, and easy pro-
cessing. Tungsten oxide WO; in both bulk and
nano-size form was incorporated as a filler within
HDPE. The WOj; is considered a heavy element with
potentially radiation shielding behavior [10]. Many
studies were focused on the impact of adding micro
and nano-size metal oxides specially WO; in the X-ray
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attenuation of the synthesized composites, such as
studying the X-ray attenuation characterization of
Bi,0,/PVA and WO;/PVA nano-fiber mats with dif-
ferent filler loadings (0-40 wt.%) prepared by using
the electro-spinning method [11]. The obtained results
were compared at various X-ray energies (8.64-25.20
keV) using an X-ray fluorescent (XRF) unit. The re-
sultant experiments revealed that the Bi,O;/PVA
nano-fiber mat attained higher X-ray attenuation abil-
ity more than theWO5/PVA nano-fiber mat for all filler
loadings. In addition, the prepared WO; or Na,WO,
containing poly-dimethylsiloxane, tantalum (Ta), and
tantalum oxide (Ta,0Os) contained universal silicone
(UNSI) composites with concentrations 10, 20, 30, 40,
and 50 wt.% for radiation shielding. By using diagnos-
tic X-ray tube voltages operated at 83 and 121 kV, the
X-ray attenuation properties of the composites were
studied. The obtained results within the energy inter-
val of 68-87 keV showed that the composites contain-
ing Ta and W were more effective compared to pure
lead [12].

The incorporated tungsten nanoparticles as filler
into the room temperature vulcanizing silicon rubber
(SiOC,Hg), matrix, where the fabricated composite
was prepared with various wt.% up to 80 wt.% to study
the soft X-ray shielding abilities. The results revealed
that above 69.5 keV of photon energy, the obtained
composite showed better absorbance of X-rays com-
pared to lead-based composites [13]. The prepared
dioctyl phthalate (DOP) oil and emulsion polyvinyl
chloride (PVC) powder were mixed by nano- and mi-
cro-powders of WO; and Bi,0; to fabricate a paste
having the weight ratio of 20 % PVC, 20 % DOP, and
60 % nano- and micro-metals. The X-ray shielding
properties of the fabricated prototypes were deter-
mined using a CBCT unit and dosimeter. The obtained
results indicated that the nano-structured WO; proto-
type was nearly 34 % more efficient in attenuating ra-
diation compared to the micro-structured WO; proto-
type [14]. The attenuation ability of composites
containing micro-sized and nano-sized WO; was stud-
ied in the X-rays diagnostic energy range 40-100 kV
by embedding them as fillers in emulsion polyvinyl
chloride (EPVC). The results showed that the attenua-
tion ability of nano-sized WOj; containing shields was
better compared to that of the micro-particle size [15].

Only some articles have been published concern-
ing the establishment of reference X-ray beam qualities
at Secondary Standard Dosimetry Laboratory (SSDL)
[16-19]. Over the past years, the Lebanese SSDL pro-
vided radiation protection calibrations using the refer-
ence X-ray beam qualities recommended by the ISO
4037-1 standard (narrow-spectrum series: N-40 to
N-200). In the present study, the X-ray narrow-spec-
trum series were used to investigate the radiation
shielding efficiency for the prepared HDPE/WO; com-
posites which was synthesized by adding different par-
ticle sizes of the filler WOj; at various weight fractions

(10, 15, 25, and 35 wt.%) by using the compression
molding technique. The new category of the
HDPE/WO; composite provides useful information
about the proper WO; size and wt.%, which is required
to enhance the radiation attenuation properties of the
composite for further applications in the fields of radia-
tion protection and radiation shielding.

MATERIALS AND METHODS
Materials

Commercial HDPE (Egyptene HD5403EA grade)
supplied by SIDPEC (Sidi-Kerir Petrochemicals Com-
pany, Egypt), with a density of 0.955 gem™ and a melt
flow index (MFI) of about 0.35 g per 10 min was used as
a polymer matrix. Tungsten (VI) oxide (WO;) in powder
form with (purity > 99 %, particle size < 25 um, MW =
=231.84 gmol ™!, and density of 7.16 gem>) was pur-
chased from Sigma-Aldrich (USA) and used without
further purification.

The WO; nanoparticle preparation

The mechanical method designated by a
high-energy planetary ball mill (Retsch, PM 100, Leb-
anon) in the dry state was used for the preparation of
WO, NP. The ball milling process was performed in a
250 mL zirconium oxide grinding jar at room tempera-
ture under the following conditions:

—  The ratio of the ball of powder weight is 10:1, the
rotation speed is about 400 rounds per minute
(rpm), and the break time of 1 minute.

—  Two different milling times were applied as a spe-
cific amount of the bulk WO; was milled for 30
minutes with an interval function of 1 minute and
another amount for 2 hours with an interval func-
tion of 5 minutes.

— The milled WO; at different milling times were
characterized and based on the resultant size of NP
achieved.

— The two milling times at 30 minutes and 120
minutes were identified as WO; NP(B) for 45 nm
sizeand WO; NP(C) for 24 nmssize, respectively.

Polymer composite synthesis

Composites with a filler weight fraction (10 %,
15 %, 25 %, and 35 %) of WO; Bulk(A), WO; NP(B),
and WO; NP(C) were prepared using the compression
molding technique. The sample category, name, and
description are mentioned in tab. 1. The HDPE pellets
were accurately weighed and poured in a two-roll
mill mixer (XK400, Shandong, China) heated at about
170 °C for 15 minutes and at a speed of 40 rpm. Spe-
cific amounts of either WO; Bulk(A) or WO; NP(B)
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Table 1. Sample category, name, and descriptions

Category Sample name Descriptions
HDPE HDPE Polymer without reinforcement
10 wt.% WO; Bulk(A) HDPE reinforced with 10 wt.% of WO; Bulk(A)
Polymer composites of WO5 Bulk(A) 15 wt.% WO; Bulk(A) HDPE reinforced with 15 wt.% of WO; Bulk(A)
[Pure tungsten oxide as received] 25 wt.% WO; Bulk(A) HDPE reinforced with 25 wt.% of WO; Bulk(A)
35 wt.% WO; Bulk(A) HDPE reinforced with 35 wt.% of WO; Bulk(A)
10 wt.% WO; NP(B) HDPE reinforced with 10 wt.% of WO; NP(B)
Polymer composites of WO; NP(B) 15 wt.% WO; NP(B) HDPE reinforced with 15 wt.% of WO; NP(B)
[Tungsten oxide milled for 30 min] 25 wt.% WO; NP(B) HDPE reinforced with 25 wt.% of WO; NP(B)
35 wt.% WO; NP(B) HDPE reinforced with 35 wt.% of WO; NP(B)
10 wt.% WO; NP(C) HDPE reinforced with 10 wt.% of WO; NP(C)
Polymer composites of WO3; NP(C) 15 wt.% WO; NP(C) HDPE reinforced with 15 wt.% of WO; NP(C)
[Tungsten oxide milled for 120 min] 25 wt.% WO; NP(C) HDPE reinforced with 25 wt.% of WO; NP(C)
35 wt.% WO; NP(C) HDPE reinforced with 35 wt.% of WO; NP(C)

and (C) were added to the mixing chamber after com-
plete melting of the polymer matrix with continuous
mixing for 10 minutes, to prevent their agglomeration.
The prepared samples were shaken for 10 minutes to
promote complete and homogeneous mixing. The
samples were gathered and molded in a rectangular
stainless steel mold (25 cm % 25 cm % 0.3 cm), layered
Teflon was used to get a smooth surface. After that, the
hot press was applied at 10 MPa and 170 °C for 10
minutes, the pressure was increased progressively to
20 MPa for another 10 minutes, the shaped composite
sample was water-cooled gradually to ambient tem-
perature at a rate (20 °C per minute). A pure HDPE
sample was prepared without any WO, additive, five
disc specimens of 8.3 cm in diameter were cut from
each prepared sheet to investigate their radiation
shielding characteristics against X-rays.

EXPERIMENTAL TECHNIQUES
The XRD analysis

The X-ray diffraction (XRD) patterns of bulk
WO; and the prepared WO; nanoparticle samples
were obtained by XRD (Bruker, D8 advance) using a
Cu-k,, radiation source (A = 0.154 nm) within a range
0f20° <260 <70°. The running conditions for the X-ray
tube were 40 kV and 40 mA, recorded with an incre-
ment step of 0.02° and exposure time of 1 second. The
reference for the peaks fitting was taken from the In-
ternational Centre for Diffraction Data (ICDD) PDF-
2/2013 database.

The TEM analysis

A transmission electron microscope, TEM, (JEOL,
JEM-2100F) was used and operated at 200 kV to study
the size of the prepared WO; nanoparticles. The sample
powder was dispersed in ethanol with ultra-sonication by
directly depositing one drop on a Cu grid.

The EDX analysis

The energy dispersive X-ray, EDX, analysis of
the synthesized composites was observed using
(JEOL, JCM-6000PLUS, Lebanon) operated under
low vacuum, 15 kV PC-high and magnification order
of 1500.

Measurements of X-ray
attenuation coefficients

In SSDL in the Lebanese Atomic Energy Commis-
sion (LAEC), Beirut, Lebanon, the X-ray attenuation
measurements were done using an X-ray Irradiator Sys-
tem (X80-225 kV) integrated by Hopewell Designs, Inc.
The basic components of the system consist of an X-ray
generator (COMET, XRP-225), a controller (COMET,
XRG), and an X-ray tube (COMET, MXR-225). The
generated X-rays were measured using a calibrated
Radcal diagnostic detector (AGMS-DM+, USA) con-
nected to a Radcal diagnostic dosimeter (Accu-Gold+
Touch, USA). The detector is a Solid State kV/dose
multisensor for radiography, fluoroscopy, dental, and
mammography X-rays with a minimal dose sensitivity of
80 nGy. The distance between the X-ray tube and the de-
tector was set to 100 cm, the exposure was set at 10 mA
and 30 s for the narrow X-ray beam qualities (N-series):
N40,N60, N80, N100,N120, and N150 that is in confor-
mance with ISO 4037-1 [20], and the criteria set in IEC
61267 standards [21]. The mean energies of these radia-
tion qualities given in ISO 4037-1 are shown in tab. 2.

The X-ray irradiation system set-up

The set-up and geometry of the measurement
system at SSDL in LAEC are displayed in fig. 1.

The system consists of an X-ray irradiation room
(I) and a separated control room (IT) equipped with the
following components and subcomponents: generator
(1), cooler (2), X-ray housing (3), X-ray tube (4), shut-
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Table 2. The ISO 4037-1 Narrow-Spectrum N-Series

X-ray Effective | Total filtration [mm] | First HVL
N-Series | energy [keV] | Al Cu Sn [mm]
N-40 33 4 0.21 — 0.084
N-60 48 4 0.6 - 0.24
N-80 65 4 2.0 - 0.58
N-100 83 4 5.0 - 1.11
N-120 100 4 5.0 1.0 1.71
N-150 118 4 — 2.5 2.36

ter (5), aperture wheel holder (6), filter wheel holder
(7), tube inherent permanent filter holder (8), sample
holder (9), test samples (10), detector (11), irradiation
platform (12), video color surveillance system (13),
laser beam alignment (14), and remote controller to
adjust the X-ray irradiation system (15). The initial
dose was directly exposed to the detector without hav-
ing any sample while the final dose was taken with the
sample placed on the source-to-detector set-up, and
repeated by adding five different samples of the same
composite, consecutively. The linear attenuation coef-
ficient [cm™'], for each composite sample, was deter-
mined as the plotted slope of the linear relation be-
tween InD and x given by the following equation after
the best fitting process.

u=ilnLD)°} (1)

where x is the thickness of disc specimens of the same
composite sample in cm.

The apparent density, p, of each prepared com-
posite sample was measured accurately by using a cal-
ibrated balance with a precision of 0.1 mg, and by ap-
plying the Archimedes' technique [22], using

Control room (Il)

@ (1)

X-ray irradiation room ()

6) (7

A
p—(A+W_ijW (2)

where A4 is the apparent mass of the specimen, without
wire, weighed in air, B—the apparent mass of the specimen
completely immersed and with wire partially immersed in
water, /W — the apparent mass of the partially immersed
wire, and p,, — the density of water (1.00 g cm ). Then, the
mass attenuation coefficient 11, [cm’ g '] is obtained by di-
viding u by the measured density of the composite sample

p as follows [23]

u, = 3)
P
THEORETICAL VIEWPOINT

The theoretical values of the mass attenuation
coefficients of the mixture or composite have been in-
vestigated by the NIST standard reference databases
based on the mixture rule [24], assuming the contribu-
tion of each element to the total interaction of the
X-ray photon.

The total mass attenuation coefficient is ob-
tained by

f = 5w, (11,,) )

where w; and (u,,); represent the weight fraction and
the mass attenuation coefficient of the constituent ele-
ments of the composite, respectively. While the weight
faction w; is defined as

_ mi4,;

i (5)

i

where 4; and n; are the atomic weight and the number
of formula units of the i constituent element of the
composite, respectively.

9 (13)

Figure 1. Diagram of the X-ray irradiation system set-up in the Lebanese SSDL
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The theoretical values of density for the compos-
ites were calculated according to the [25]

100
Pr=| (6)

M matrix + M fijer

Pm pf

where mpauix 1S the wt.% of HDPE, mge,— the wt.% of
WO;, pm—the density of HDPE, and p, —the density of
WOs.

The experimental values obtained in this study
were compared with the theoretical values evaluated
from Berger's database, NIST XCOM, and Chantler's
database, NIST FFAST. The half value layer HVL and
tenth value layer TVL are described as the thickness of
the radiation shielding material required to attenuate
the intensity of radiation into 50 % and 10 % of its ini-
tial value, respectively. Both factors are given by

HyL =12 (7)
U

ryr, =110 (8)
u

The relaxation length, 4, is the average distance
between two successive interactions of photons (also
known as the photon mean free path) can be computed
by

A=— )
u

The heaviness of composites relative to pure

lead was calculated as

Heaviness = Densny.ofcomposne x 100 [%] (10)
Density of lead
RESULTS AND DISCUSSION

The XRD patterns of the filler WO; Bulk(A),
WO; NP(B), and WO; NP(C) are shown in fig. 2.

The diffraction peaks display nearly the same posi-
tion with no tangible shift and are found to be highly
matched with the ICDD (PDF file 01-083-0951), indi-
cating the monoclinic structure of WO;. The main dif-
fraction peaks were found at 20 values of 23.118°,
23.583°, 24.365°, 26.592°, 28.614°, 28.979°, 33.262°,
33.564°, and 34.166° corresponding to the planes (002),
(020), (200), (120), (112), (121), (022), (202), and (220),
respectively. The characteristic peaks of WO; Bulk(A)
indicate high crystallinity due to the strength and sharp-
ness of the peaks. The XRD patterns of WO; NP(B) and
WO; NP(C) show the same peaks identical to WO,
Bulk(A) with no shift in the position of the peaks. On the
other hand, a clear broadening and a slight decrease in the
intensity of the peaks are observed with the decrease of
the nanoparticle size mainly for WO; NP(C) confirming

300
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126 9
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T
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Figure 2. The XRD patterns of WO; Bulk(A), WO;
NP(B), and WO; NP(C)

that the lowest degree of crystallinity is accompanied by
the smaller crystalline size [26, 27].

The average crystallite size of the prepared WO,
nanoparticles was determined by Scherrer's formula
using the following relation [28]

094
PcosB

(1)

where D is the average crystalline size, A — the wave-
length of Cu K, (A = 1.5405 A), B — the full width at
half maximum (FWHM) intensity of the peak in radi-
ans, and 260 — the Bragg's diffraction angle. The results
are estimated at 45 nm for WO; NP(B) and 24 nm for
WO; NP(C).

The TEM micrographs for the prepared WO,
nanoparticles are described in figs. 3(a) and 3(b). The
different particle size distribution based on the length
scale provided in TEM images was measured using the
Image software, where Gaussian distribution was per-
formed. The average particle sizes obtained from
TEM are 48 nm for WO; NP(B) and 27 nm for WO,
NP(C). The results are approximately consistent with
the average size extracted from XRD spectra. The en-
ergy dispersive X-ray analysis EDX was performed to
detect the chemical elements for the synthesized
HDPE composites WO, bulk(A), WO; NP(B), and
NP(C), and the results are shown in tab. 3.
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Figure 3. The TEM micrographs and particle size distribution of (a) WO; NP(B) and (b) WO; NP(C)

The C elements are mainly derived from the
HDPE matrix. Furthermore, the EDX results show the
existence of W elements from the filler in addition to
Pt and Pd which were used as sputter coating for the
specimen during the spectroscopy process. The pres-
ence of the oxygen peak is mainly attributed to the ion-
ization caused by the electron beam path generated to
interact with the specimen since a low vacuum is used
as a condition for the EDX spectroscopy. A very weak
peak of Al presents in the spectrum which could be at-
tributed to the coating process and the specimen ped-
estal used during the spectroscopy process. The mass
percentage of W appeared to increase to the lowest
nanoparticle size indicating that WO; NP(C) occupies
the largest surface of the quantitative analysis due to
the large surface-to-volume ratio of the nanoparticles.

The density values calculated of HDPE/WO,
composites using eqs. (2) and (6) are shown in tab. 4.
The apparent densities for all samples increase with
wt.% increment. The highest values are for the com-

posite HDPE/WO; NP(C) compared to HDPE/WO,
NP(B) and HDPE/WO; Bulk(A), respectively. The
difference in density values is mainly attributed to a
higher number of WO; fillers per gram for WO; NP vs.
bulk WO; fillers. Furthermore, a significant difference
can be noticed between the theoretical and experimen-
tal values of density in the samples having 35 wt.% of
WO; filler due to their tendency towards the formation
of voids at high filler loading [29].

The linear attenuation coefficient x4 character-
izes the probability of a photon being scattered or ab-
sorbed. Since the prepared samples have no uniform
thickness and the concentration of electrons deter-
mined by the physical density of the samples are not in
total agreement with the theoretical values as illus-
trated in tab. 4. Therefore, the use of the mass attenua-
tion coefficient u,is more convenient for comparing
the X-ray attenuation capability of the prepared sam-
ples since it represents the fraction of photon interac-
tions per unit mass per unit area [gem 2], producing a
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Table 3. The EDX results for the chemical elements and
mass distribution in all investigated HDPE composite
samples

Chemical elements and mass distribution [%]
Sample Energy [keV]

description | 0.277 |1.774| 2.048 |2.8380.525|1.486
C W | Pt | Pd | O | Al
10 wt.%| 58.49 | 0.25 | 33.94 | 2.91 |3.77| 0.63
HDPE/ |5 wto| 71.06 | 0.35 | 23.69 | 2.10 | 2.37 | 0.43
Bulk(A)23 W% 47.54 | 0.39 | 44.78 | 4.29 | 2.05 | 0.96
35wt% 63.17 | 3.95|27.15 | 2.42 | 2.84 | 0.47
10 wt.%| 67.23 | 1.53 | 25.81 | 2.36 | 2.55 | 0.51
H\%E/ 15 wt.%| 66.35 | 2.71 | 24.67 | 2.24 | 3.58 | 0.45
NP(B3) 25 wt.%| 62.44 | 438 | 28.00 | 2.46 | 2.22| 0.50
35wt% 54.74 | 831 |31.35|2.73 | 2.26| 0.60
10 wt.%| 59.15 | 2.83 | 31.90 | 3.01 | 2.57| 0.54
HDPE/ |5 w9 5925 | 3.11|31.43 | 2.89 | 2.64 | 0.68
NP(C) 25 Wi.%| 6256 | 6.47 | 25.16 | 2.31 |2.99 | 0.52
35wt%| 55.77 | 8.50 | 30.11 | 2.64 | 2.47 | 0.50

Table 4. Theoretical and experimental density values for
HDPE, HDPE/WO; Bulk(A), HDPE/WO; NP(B), and
HDPE/WOj; NP(C) composites at different wt.%

Density values [gem ]

Sample Theore-
type tical

HDPE | 0.955

Experimental

0.945 +0.011

- —  |WO; Bulk(A)| WO; NP(B) | WO; NP(C)
10 wt.%| 1.045 |1.009 +0.025/1.019 +0.021/1.039 + 0.012
15 wt.%| 1.097 |1.048 +0.034/1.055 + 0.029|1.084 + 0.019
25wt.%| 1.219 |1.156 +0.044/1.178 + 0.028/1.196 + 0.015
35 wt.%| 1.370 |1.241 +0.091/1.273 + 0.068/1.299 + 0.050

constant value for a specific composite [30]. The mea-
sured values of the mass attenuation coefficient u,,,, the
theoretical values of u,, given by the NIST databases
XCOM and FFAST, the discrepancy A % between the
measured and the theoretical values of u,,for HDPE
and its composites Bulk(A), NP(B), and NP(C) at 33,
48, 65, 83, 100, and 118 keV, respectively are listed in
tab. 5. It should be noted that in this study the X-ray
narrow beam qualities of the ISO N-series were used,
which explains the significant discrepancy values of
some measurement NIST tabulations and experiment
results by an amount of about 20 % at 65 keV and 83
keV in the region around the K-edge. Moreover, the
database of NIST tabulations does not account for the
size, structure, and density of the filler as well as the
uniform dispersion of the filler within the polymer ma-
trix. So, the attenuation coefficient values of compos-
ites in NIST are used as the advisory database only.
Many research groups reported the parameters that
affect the emergence of significant discrepancies in their
studies. The difference between experimental and theo-
retical values in discrepancies has been observed by
Almeida Junior et al. [31], where the X-ray beam quali-

ties of the ISO N-series were used and compared the ob-
tained mass attenuation coefficients results to XCOM
and FFAST for the same atomic composition which dif-
fer by more than 40 %. This was explained as an effect of
the variations in the chemical composition of the samples
and the nature of the mixing rule that neglects interac-
tions between the atoms of the analyzed compounds. The
difference in the experimental data of the relative re-
sponse measured in the study of Massillon ef al. [32] us-
ing X-ray beam qualities of the ISO N series and reported
by Tedgren et al. [33] was about 6 % up to 15 %, where
the phantom materials were similar. This was attributed
to the dissimilarity of the energy spectra, and the geomet-
rical conditions during the irradiation between the two
experiments.

Figures 4(a)-4(c) illustrate the mass attenuation
coefficient u,,0f HDPE and its composites WO3
Bulk(A), WO; NP(B), and WO; NP(C) at various
filler loadings as a function of X-ray energy, as listed
intab. 5. The values of the i, decrease as the X-ray en-
ergy increases from 33 up to 65 keV, then the same be-
havior is observed in the energy range from 83 up to
118 keV for all HDPE composites. The apparent spike
between 65 and 83 keV is due to the K-edge absorption
of W elements in the composite. For the X-ray energy
range used in this experiment, the photoelectric effect
represents the dominant contribution to the total inter-
action with the composite samples [34]. Usually, the
photo-electrons move around and ionize one or more
neighboring atoms together with the probability of
emission of Auger electrons and fluorescent photons
which leads to modifying the mass attenuation coeffi-
cient of the composite. As the energy increases, a more
generated X-ray passes through the samples without
interaction, and the occurrence of Compton scattering
increases, leading to a decrease in the mass attenuation
coefficient . The values of pm increase with the in-
crement of WO; wt.% in the HDPE composites for all
energies. This is due to the factor of a large number of
WOj particles in the polymer matrix which increase
the probability of X-ray interaction within the com-
posite samples.

To compare the mass attenuation coefficients of
different HDPE/WO; Bulk(A), WO; NP(B), and WO;
NP(C) composites, a 3-D bar plot of u,,, with the color
map was used in fig. 5 vs. X-ray energies at various
WO, filler loadings. The particle size of the WO, filler
has a significant effect on the value of u,, which is
higher at the same wt.% and energy for the WO,
NP(C) composite compared to the WO; NP(B) com-
posite and WO; Bulk(A) composite, respectively. The
values of u,, were increased with filler wt.% for all
composites, while it was decreased with energy indi-
cating the significant dependence of u,, on both: the
filler loading and energy values. In addition, for the
same wt.% and at the same value of energy, the com-
posites HDPE/WO; NP(C) show the highest value of
U, compared to bulk composites and NP(B) compos-
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Table 5. Measured and theoretical values of mass attenuation coefficients using the NIST databases XCOM and FFAST, and
the discrepancy of HDPE, HDPE/WO; Bulk(A), HDPE/WQO; NP(B), and HDPE/WQO; NP(C) composites at various filler wt.%

and different energies

Mass attenuation coefficient y, [cm’g ']

Sample | Energy [keV] Experimental value XCOM A [%] FFAST A [%]
33 0.2110 0.2280 7.44 0.2506 15.76
48 0.1881 0.1985 5.25 0.2201 14.54
HDPE 65 0.1693 0.1852 8.59 0.1982 14.56
83 0.1604 0.1758 8.77 0.1821 11.90

100 0.1559 0.1686 7.55 0.1708 8.70

118 0.1427 0.1620 11.93 0.1613 11.53
Filler wi%  Energy [keV] |y (Aingg:eflfg;mzv oNPC)|  XCoM A [%] FFAST A [%]
33 1.4770 1.5281 1.7153 1.5289 3.39 1.6000 7.68

48 0.6632 0.6698 0.7781 0.6599 0.50 0.7186 7.70

10 Wt % 65 0.4648 0.4806 0.52 0.3808 18.06 0.4164 10.41
83 0.6414 0.6453 0.6855 0.7055 9.08 0.7102 9.68
100 0.4355 0.4978 0.4996 0.4922 11.52 0.5012 13.09

118 0.3675 0.3699 0.3743 0.3686 0.31 0.3779 2.75
33 2.0100 2.2183 2.3186 2.1794 7.77 2.2748 11.64

48 0.8736 0.9475 0.9555 0.8906 1.91 0.9678 9.73

15 wt.% 65 0.5807 0.6353 0.6413 0.4786 17.57 0.5255 9.50
83 0.7799 0.8044 0.8095 0.9703 19.62 0.9743 9.95

100 0.6077 0.6172 0.626 0.6540 7.09 0.6664 8.81

118 0.4451 0.4582 0.46 0.4719 5.69 0.4862 8.45

33 3.1300 3.1377 3.1482 3.4803 10.06 3.6242 13.63

48 1.3676 1.3709 1.4913 1.3520 1.15 1.4662 6.72

25 W% 65 0.7038 0.7049 0.7392 0.6742 4.21 0.7438 5.36
83 1.2278 1.2311 1.2332 1.4999 18.14 1.5024 18.27

100 0.8975 0.9927 0.9938 0.9777 8.20 0.9968 9.96

118 0.6664 0.6876 0.6824 0.6786 1.79 0.7028 5.17
33 42118 4.4602 4.9578 4.7813 11.91 4.9737 15.32

48 1.6699 1.7149 1.8329 1.8134 7.91 1.9647 15.01

35 W% 65 0.9193 1.0689 1.1225 0.8698 5.39 0.9620 4.43
83 1.6464 1.6502 1.658 2.0296 18.88 2.0305 18.91

100 1.1317 1.2111 1.2195 1.3013 13.03 1.3272 14.73
118 0.8263 0.8477 0.8592 0.8852 6.65 0.9195 10.12

ites. Thus, the HDPE/WO; NP(C) composite may be
considered a better potential X-ray shielding material
candidate compared to the others. This is due to the
nano-filler amplification in the composite, which in-
creased its density, in addition to the high surface/vol-
ume ratio of nano-particles that increases the probabil-
ity of X-ray interaction. In general, a material with
high density is more effective for attenuating the pri-
mary X-ray beam since the probability of an X-ray in-
teraction is relatively high due to tightly packed atoms
inside [35]. Therefore, a good dispersion of the WO,
NP filler even at high wt.% can be deduced from the
result obtained.

The halfvalue layer HVL, tenth value layer TVL
and relaxation length, A, are widely used parameters to
study the radiation shielding properties of the compos-
ites. The calculated values of HVL, TVL, and A for all
HDPE/WO; composites, in addition to the HVL of
pure lead, at different X-ray energies are given in tab.
6.

Based on the results found in tab. 6, the three pa-
rameters increase by increasing the X-ray energy from
33t0 65 keV. This behavior is followed by a slight de-
crease at 83 keV for all samples, then a significant in-
crease is observed for higher energy values (100-118
keV). Since, HVL, TVL, and Aare inversely propor-
tional to u,,,, the observed behavior of the three param-
eters along with the energy range is attributed to the al-
terations in the values of u,, near the K-edge. It was
noticed that, by increasing the wt.% of WO; of the
composites, the values of HVL, TVL, and 4 decrease,
respectively, due to the increase of the mass attenua-
tion coefficient and density. The HVL, TVL, and A for
HDPE/WOj; Bulk(A), NP(B), and NP(C) composites
vs. X-ray energy are displayed in figs. 6-8, respec-
tively. It is found that the parameters of the NP(C)
composite at the same filler loading wt.% exhibit
lower values compared to NP(B) and Bulk(A) com-
posites for all X-ray energies, which reflect the supe-
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Figure 4. The mass attenuation coefficients versus X-ray

energy of the HDPE (a) WO; Bulk(A) (b) WO; NP(B) (¢)
WO; NP(C) composite

rior shielding performance of the nanocomposites as
compared to the synthesized bulk composites.

The HVL of pure lead as a conventional shield-
ing material at the X-ray energy ranges from 33 to
118 keV is used for comparison with the investigated
HDPE composites, and to clarify their effectiveness
as radiation shielding materials. According to the re-
sults, the best lead equivalent appears at X-ray energy
83 keV, where a 3.216 mm thickness of the 35 wt.%

0.318 mm thickness of pure lead, which is 10.113
times the thickness of pure lead. Therefore, the com-
posite with 35 wt.% of the smallest particle size WO,
NP(C) represents a promising material selected to be
used as an alternative radiation shielding material for
X-ray diagnostic applications.

One of the most important parameters which
must be taken into consideration when choosing a
proper material for radiation shielding is the heaviness
compared to lead. Polymer composites have become
attractive materials for designing lightweight radia-
tion shields. Figure 9 shows the percent heaviness of
the HDPE/WO; composites by assuming pure lead as
a reference and normalized to 100 %. The heaviness
percent of HDPE is 8.33 %, while 35 wt.% of
HDPE/WO; NP(C) is 11.45 % compared to pure lead.
The synthesized polymer composites and even at high
filler loading offer an efficient light matrix against ra-
diation energy compared to a conventional lead shield.

CONCLUSION

The experimental results confirm the significant
effect of the size and weight fraction of the WO; filler on
the X-ray shielding ability of the new light, lead-free, and
non-toxic HDPE/WO; polymer composites at all inves-
tigated X-ray narrow-spectrum beams (N40, N60, N8O,
N100, N120, and N150). The mass attenuation coeffi-
cient increases with the increment of WO; wt.% to the
HDPE composite, which is more significant for the
NP(C) composite compared to NP(B) and Bulk(A) com-
posites for all X-ray energies. The nano-filler amplifica-
tion in the polymer matrix results in high electron den-
sity, which increases the probability of the X-ray
interaction within the nano-composites. The half value
layer HVL, tenth value layer TVL and relaxation length
2 decrease by increasing the wt.% of WO; in the com-
posites. Moreover, the NP(C) composite at the same
filler wt.% shows lower values of HVL, TVL, and A com-
pared to NP(B) and Bulk(A) composites for all X-ray en-
ergies. In addition, the sample with 35 wt.% HDPE/WO,
NP(C) exhibits the best HVL compared to lead at X-ray
energy 83 keV. The heaviness percentage of the
HDPE/WO; composites by assuming pure lead as a ref-
erence even at high filler loading offers an efficient light
matrix compared to the conventional lead radiation
shield. Further, the radiation shielding performance of
the polymer composites has superior factors compared to
conventional lead including conformability, non-toxic-
ity, cost-effectiveness, in addition to its remarkable im-
provement in mechanical properties because of the ther-
moplastic nature of the HDPE polymer matrix.
Depending on the obtained results, the HDPE composite
filled with WO, NP(C) can be considered as a promising
novel alternative shielding material to be used in X-ray
diagnostic applications.
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Table 6. Measured values of HVL, TVL, and Lof HDPE, HDPE/WO; Bulk(A), HDPE/WO; NP(B), and HDPE/WO;
NP(C) composites in addition to the HVL of pure lead at different energies

Sample ]?Egﬁ/g]y HVL [em] TVL [em] A [em]
33 34713 11.5316 5.0081
48 3.8953 12.9400 5.6197
HDPE 65 4.3267 14.3731 6.2421
83 4.5661 15.1685 6.5875
100 4.6993 15.6107 6.7796
118 5.1344 17.0561 7.4074
HVL [cm] TVL [cm] [em]
Filler wt.%| EOCT&Y [0 WO WO WO WO WO WO WO WO
[keV] 3 3 3 3 3 3 3 3 3
Bulk(A) | NP(B) | NP(C) | Bulk(A) | NP(B) | NP(C) | Bulk(A) | NP(B) | NP(C)
33 0.4649 0.44492 0.3888 1.5443 1.4780 1.2917 0.6707 0.6418 0.5610
48 1.0353 1.01500 0.8572 3.4392 3.3717 2.8476 1.4936 1.4643 1.2367
10 W% 65 1.4772 1.41458 1.2826 49074 4.6991 4.2608 2.1312 2.0408 1.8504
83 1.0704 1.05357 0.9730 3.5560 3.4999 3.2324 1.5443 1.5199 1.4038
100 1.5764 1.36580 1.3350 5.2367 4.5371 44348 2.2742 1.9704 1.9260
118 1.8683 1.83807 1.7818 6.2064 6.1059 5.9192 2.6954 2.6517 2.5706
33 0.3288 0.2960 0.2755 1.0923 0.9834 0.9155 0.4744 0.4271 0.3976
48 0.7565 0.6930 0.6687 2.5132 2.3023 2.2215 1.0914 0.9999 0.9647
15 wt.% 65 1.1381 1.0336 0.9963 3.7809 3.4336 3.3097 1.6420 1.4912 1.4374
83 0.8474 0.8164 0.7893 2.8152 2.7120 2.6222 1.2226 1.1778 1.1388
100 1.0876 1.0640 1.0206 3.6130 3.5348 3.3905 1.5691 1.5351 1.4725
118 1.4848 1.4330 1.3883 49327 4.7604 4.6119 2.1422 2.0674 2.0029
33 0.1914 0.1874 0.1866 0.6358 0.6226 0.6201 0.2761 0.2704 0.2693
48 0.4381 0.4290 0.3883 1.4553 1.4251 1.2899 0.6320 0.6189 0.5602
25 W% 65 0.8512 0.8343 0.7833 2.8277 2.7715 2.6023 1.2280 1.2036 1.1301
83 0.4880 0.4776 0.4696 1.6211 1.5868 1.5599 0.7040 0.6891 0.6774
100 0.6675 0.5923 0.5827 2.2176 1.9676 1.9357 0.9631 0.8545 0.8406
118 0.8990 0.8553 0.8485 2.9864 2.8414 2.8189 1.2970 1.2340 1.2242
33 0.1326 0.1220 0.1075 0.4405 0.4054 0.3572 0.1913 0.1760 0.1551
48 0.3344 0.3174 0.2909 1.1110 1.0545 0.9664 0.4825 0.4579 0.4197
35 wt.% 65 0.6075 0.5093 0.4750 2.0180 1.6919 1.5779 0.8764 0.7347 0.6853
83 0.3392 0.3298 0.3216 1.1269 1.0958 1.0683 0.4894 0.4759 0.4639
100 0.4935 0.4494 0.4372 1.6393 1.4931 1.4525 0.7119 0.6484 0.6308
118 0.6758 0.6421 0.6205 2.2452 2.1331 2.0615 0.9750 0.9264 0.8953
Sample FEE:;%]Y HVL [cm]
33 0.0027
48 0.0074
Pure lead 65 0.0167
(Pb) 83 0.0318
100 0.0114
118 0.0174
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Ampo OBEN], Xana EJIBAJIA, Omap EJICAMA/L, 3aunaé AJICAJE],
Pamanan ABAJI, Moxamen C. bagasu

E®EKTU PA3ZINYUTUX HAHO BEJINYNHA N PACYTOI' WO3
OBOTAREHOT KOMITIO3UTUMA MNO/MUETUWIEHA BUCOKE I'YCTUHE HA
CJAB/BE/BE X-3PAYEIA YCKOI CIIEKTPA

Penprencku 3panu H-cepuje yckor cnektpa y oncery o 40 kV go 150 kV kopunthenu cy ga 6u ce
ofpeauiia ciocOOHOCT cnabiberba 3padchba HOBE KaTeropuje MOIMMEPHAX KOMIIO3UTA MPOU3BENICHUX 32
notpe6e 3amTure. [lonueTuneH BUCOKe r'yCTHHE CHHTETH30BAH je TEXHIKOM MOJICIIOBakhAa IPECOBAmBEM
yrpabeH je ca paznuuutum KonumuuHama ucnyne (10, 15, 25, u 35 TexuHckux npoueHara) pacyror WO,
MHUKpO BenmunHe (y30pak A) u iBa y3opka WO, HaHOuUecTHnna of 45 nm (y3opak b) u 24 nm (y3opak 11).
HWcnyna WO; upeHTH(UKOBAaHA je UM OKapaKTepucaHa KopulltheweM peHAreHcke audpakuuje u
TPAHCMUCHOHOT eJIEKTPOHCKOT MUKpocKomna. Pacmopena Mace XeMHujcKuX ejleMeHaTa CHUHTETH30BaHHX
KOMIIO3UTa ofipeheHa je eHepreTcKo AUCIEP3WBHOM PEHATCHCKOM aHaiau3oM. JloOGujeHu pesyiratu
PasIMIATAX MapamMeTapa cliab/berha OTKPIIIH CY Ia BEIMYMHA YECTHUIAa U TeKUHCKH yaeo WO, gecTuia
OBOI' KOMIIO3WTa WMajy W3y3eTaH YTHUIA] Ha CBOjCTBA 3allTHTE OJf PEHATEHCKUX 3padciba.
ExcnepumeHTanHa Mepema MaceHHX KoedulujeHaTa cnabibelmha YIOpefeHa Cy ca TeOPEeTCKUM
BpegHocTuMa nmatuM y Tabemama NIST 6a3a mopgaraka — XCOM u FFAST. Macenn koeduinujeHt
crabmema nosehasao ce ca moBehameM WO; TEXXMHCKOT IPOIEHTA Kao 1 ca cMambemheM BenmunHe WO,
yectuna. OBO moOosblIamke MapaMmeTapa ciabbelha HAaHO YECTHMYHUX KOMIIO3UTA CyrepHlle HUXOBY
U3IJIeHY IPUMEHY Y 3aIITHTH Off 3paucha Ha ANjarHOCTUYKOM HUBOY.
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